Proliferation of supporting cells in the inner ear is the early major event occurring during hair cell regeneration after acoustic trauma or aminoglycoside treatment. In the present study, we examined the possible influence of 30 growth factors on the proliferation of pure rat utricular epithelial cells in culture. Utricular epithelial sheets were separated and partially dissociated from early postnatal rats via a combined enzymatic and mechanical method. The cultured utricular epithelial cells expressed exclusively epithelial cell antigens, but not fibroblast, glial, or neuronal antigens. With tritiated thymidine incorporation assays, we found that several fibroblast growth factor (FGF) family members, insulin-like growth factor-1 (IGF-1), IGF-2, transforming growth factor-␣ (TGF-␣), and epidermal growth factor (EGF), stimulated proliferation of the utricular epithelial cells. In contrast, neurotrophins and other growth factors did not elicit any detectable mitogenic effects. Among all of the growth factors examined, FGF-2 was the most potent mitogen. When FGF-2 was added in combination with IGF-1 or TGF-␣ to the medium, combined effects were seen. These results were confirmed with BrdU immunocytochemistry. Thus, the present culture system provides a rapid and reliable assay system to screen novel growth factors involved in proliferation of mammalian inner ear supporting cells. Furthermore, immunostainings revealed that the cultured utricular epithelial cells expressed FGF and IGF-1 receptors, and utricular hair cells produced FGF-2 in vivo. The addition of neutralizing antibodies against FGF-2 or IGF-1 to the cultures significantly inhibited the utricular epithelial cell proliferation. This work suggests that FGF-2 and IGF-1 may regulate the proliferation step during hair cell development and regeneration.
Proliferation of supporting cells in the inner ear is the early major event occurring during hair cell regeneration after acoustic trauma or aminoglycoside treatment. In the present study, we examined the possible influence of 30 growth factors on the proliferation of pure rat utricular epithelial cells in culture. Utricular epithelial sheets were separated and partially dissociated from early postnatal rats via a combined enzymatic and mechanical method. The cultured utricular epithelial cells expressed exclusively epithelial cell antigens, but not fibroblast, glial, or neuronal antigens. With tritiated thymidine incorporation assays, we found that several fibroblast growth factor (FGF) family members, insulin-like growth factor-1 (IGF-1), IGF-2, transforming growth factor-␣ (TGF-␣), and epidermal growth factor (EGF), stimulated proliferation of the utricular epithelial cells. In contrast, neurotrophins and other growth factors did not elicit any detectable mitogenic effects. Among all of the growth factors examined, FGF-2 was the most potent mitogen. When FGF-2 was added in combination with IGF-1 or TGF-␣ to the medium, combined effects were seen. These results were confirmed with BrdU immunocytochemistry. Thus, the present culture system provides a rapid and reliable assay system to screen novel growth factors involved in proliferation of mammalian inner ear supporting cells. Furthermore, immunostainings revealed that the cultured utricular epithelial cells expressed FGF and IGF-1 receptors, and utricular hair cells produced FGF-2 in vivo. The addition of neutralizing antibodies against FGF-2 or IGF-1 to the cultures significantly inhibited the utricular epithelial cell proliferation. This work suggests that FGF-2 and IGF-1 may regulate the proliferation step during hair cell development and regeneration.
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Over the past several years, it has been well demonstrated that lower vertebrate and avian animals have a capacity to regenerate new inner ear hair cells (Cotanche, 1987; Corwin and Cotanche, 1988; Ryals and Rubel, 1988; Jones and Corwin, 1996) . A certain degree of hair cell regeneration or repair also has been reported in mammalian inner ear structures . Although recent studies have suggested a direct conversion of some supporting cells into hair cells in both lower vertebrates (Adler et al., 1996; Jones and Corwin, 1996) and mammals (Li and Forge, 1996) , proliferation of supporting cells in both avian (Cotanche and Lee, 1994) and mammalian inner ear epithelia seems to be the first major step between degeneration of hair cells because of acoustic trauma or exposure to ototoxins and regeneration of new hair cells. Because the supporting cells in the inner ear epithelium are most likely the progenitors for the hair cells (Corwin and Cotanche, 1988; Balak et al., 1990; Rapheal, 1992; Weisleder and Rubel, 1992) , the proliferation of the supporting cells is critical for the replacement of the lost hair cells and the supporting cells that are capable of converting into new hair cells. Understanding the proliferation process of the inner ear supporting cells will shed light on the mechanisms for hair cell regeneration and will be helpful to us in eventually finding therapeutic agents for treatment of hearing and balance impairments.
Growth factors play a very important role during cell proliferation and differentiation, as documented in hemopoietic and nervous systems (Anderson, 1989; Cattaneo and McKay, 1990; Gao et al., 1995; Ghosh and Greenberg, 1995; Vicario-Abejon et al., 1995) . Some growth factors may act as both a mitogen and a differentiating factor; some regulate only one of the developmental steps (e.g., a sole mitogen, differentiating, or survival factor); others may work in a sequential way to control the final cell phenotype. The determination of the possible influences of growth factors on proliferation and differentiation of progenitor cells usually is done in cell cultures.
Recent studies using inner ear organ cultures have indicated that TGF-␣ and EGF are mitogens for the inner ear supporting cells (Lambert, 1994; Yamashita and Oesterle, 1995) . However, cell counts of dividing cells in the organ cultures and the interpretation of the results are technically difficult because of the complexity of multiple cell types that exist in these cultures. First, proliferation of other cell types, rather than epithelial cells, may disturb the cell counts. Second, the mitotic index could vary from one domain to another domain of the inner ear epithelium because of accidental damage during dissections. The quantitative analysis for cell proliferation in the inner ear epithelium usually has to be performed in plastic sections. Because there are only a few dividing cells per utricle (Yamashita and Oesterle, 1995) , a large sample of tissues is required for the comparison between the control and the experimental groups. Consequently, this becomes a rate-limiting step for studying a larger number of growth factors. Finally, it is hard to interpret whether the effect of the growth factors is direct or indirect on supporting cells. A way to overcome these problems might be via development of pure inner ear epithelial cell cultures .
In the present study, we have developed a rapid, reliable tritiated thymidine assay for measurement of the progenitor cell DNA synthesis in purified, partially dissociated postnatal rat inner ear epithelial cell cultures. Using this rapid, convenient assay, we examined the effects of a panel of 30 growth factors on the proliferation of utricular supporting cells. These included known and commonly studied mitogens and differentiating and survival factors in the nervous system. We report here that several FGF family members, IGF-1, IGF-2, TGF-␣, and EGF, are mitogens for the utricular supporting cells. Among them, FGF-2 is the most potent mitogen. Furthermore, additive effects were observed when FGF-2 was added in combination with IGF-1 or TGF-␣ in the cultures. These results were confirmed by BrdU immunocytochemistry. In contrast, neurotrophins and other growth factors examined did not exert any detectable mitogenic effects. Moreover, antibody labeling revealed that utricular hair cells produced FGF-2 in vivo, and utricular epithelial cells expressed FGF and IGF-1 receptors in vitro. Inclusion of neutralizing antibodies against FGF-2 or IGF-1 in the medium reduced utricular epithelial cell proliferation. Thus, these results suggest that FGF-2 and IGF-1 may be candidate molecules regulating proliferation of the inner ear supporting cells. In particular, FGF-2 could be a physiological growth factor during regeneration of new hair cells following challenge by aminoglycosides or noise.
MATERIALS AND METHODS
Preparation of epithelial cell cultures. Utricular epithelial sheets were separated from postnatal day 4 -5 (P4 -P5) Wistar rats with 0.5 mg/ml thermolysin (Sigma, St. Louis, MO) in calcium-and magnesium-free HBSS for 30 min at 37ЊC, based on the method reported previously . Then the epithelial sheets (see Fig. 1 A) were incubated in a mixture of 0.125% trypsin and 0.125% collagenase for 8 min at 37ЊC. The enzyme activity was inactivated with a mixture of 0.005% soybean trypsin inhibitor (Sigma) and 0.005% DNase (Worthington, Freehold, NJ) before being pipetted up and down with a 1 ml pipette tip 10 times in 0.05% DNase in BMEM. In this way, the epithelial sheets were partially dissociated into small pieces containing ϳ10-80 cells (Fig. 1 B) . Because we found that these cells grew very poorly in serumfree medium, a 5% fetal bovine serum-supplemented medium was used. Finally, the cell suspension was plated in poly-D-lysine (500 g/ml)-coated 96 well plate (for tritiated thymidine assays) or 16 well Lab-Tek slides (for BrdU labeling and other immunocytochemistry) in 200 l of serumcontaining medium (DMEM plus 5% fetal bovine serum, 4.5 mg/ml glucose, 2 mM glutamine, 25 ng/ml fungizone, and 10 U/ml penicillin) at a density of ϳ70 cells/mm 2 . Typically, cells prepared from four litters of pups (40 P4 -P5 rats) were aliquoted equally into 80 wells. ; activin, inhibin, glial cell-derived neurotrophic factor (GDNF), heregulin, Gas-6, vascular endothelial growth factor (VEGF), ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), cardiotrophin-1, and c-kit ligand (Genentech); platelet-derived growth factor (PDGF; Life Technologies, Gaithersburg, MD); and retinoic acid (Sigma) to the cultures at the time when the cells were plated. Maximal effects for FGF-2, IGF-1, and TGF-␣ were seen at 100 ng/ml (0.1-100 ng/ml tested), and therefore all growth factors were used at a concentration of 100 ng/ml, except TGF-␤1, TGF-␤2, TGF-␤3, and TGF-␤5, which were tested at 1 ng/ml, and neurotrophins at 20 ng/ml (Zheng et al., 1995a) . The concentration of retinoic acid was 10 Ϫ8 M (Kelley et al., 1993) .
DNA synthesis assays. To measure DNA synthesis, we added 3 Hthymidine (2 Ci/well) for 24 hr at the 24th hr of culture, and cells were harvested with a Tomtec cell harvester. Because the epithelial cells were grown on a poly-L-lysine substrate, trypsin (1 mg/ml) was added to the culture wells for 25 min at 37ЊC to lift the cells before cell harvest. Then cpm/well were counted with a matrix 9600 gas counter (Packard Instrument Company, Meriden, CT) as described previously (Gao et al., 1995) . Data were collected from 5 or 10 culture wells from each of the experimental groups and expressed as mean Ϯ SEM. A two-tailed, unpaired t test was used for statistical analysis.
Bromodeoxyuridine (BrdU) labeling. BrdU labeling was performed via a previously reported method (Gao et al., 1991) . Briefly, after 1 d in culture, BrdU (1:400; Amersham cell proliferation kit, Arlington Heights, IL) was added to the culture medium for 24 hr. The cultures were fixed in 4% paraformaldehyde (30 min), treated with 2N HCl (40 min), and incubated with an anti-BrdU monoclonal antibody (Becton-Dickinson, San Jose, CA) 1:40 in PBS containing 0.1% Triton X-100 overnight at 4ЊC. Then the cultures were processed with a Vector ABC kit (Vector Laboratories, Burlingame, CA). After diaminobenzidine-peroxidase reaction, the cells were dehydrated with ethanol, cleared in Histoclear (American Histology), and mounted in Permount (Fisher Scientific, Pittsburgh, PA).
Cell counts and quantitation. After 2 d in culture, BrdU-positive cells were counted from the entire areas of 10 or more culture wells for each of the experimental groups. Data were expressed as mean Ϯ SEM. A two-tailed, unpaired t test was used for statistical analysis.
Immunocytochemistry and immunohistochemistry. After 2 d in culture, the cells were fixed in 4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4) for 30 min. The preparations were blocked first with a 10% normal goat serum in 0.1% Triton X-100 in PBS for 20 min and then incubated with monoclonal antibodies against vimentin (10 g/ml, Boehringer Mannheim, Indianapolis, IN), Thy1.1 (1:200, Chemicon, Temecula, CA), neurofilament 200 kDa (5 g/ml, Boehringer Mannheim), myelin (1:200, Cedarlane, Hornby, Ontario, Canada) and pan-cytokeratin (1:50, Sigma), or rabbit antisera against a tight junction protein (ZO1, 1:200, Zymed, South San Francisco, CA) and GFAP (1:500, Dako, Carpenteria, CA) in PBS containing 3% normal goat serum and 0.1% Triton X-100 overnight at 4ЊC. FITC-conjugated secondary antibodies (1:200; Cappel, West Chester, PA) were used to reveal the labeling patterns. To examine the staining pattern of F-actin, we incubated the preparations with 0.5 g/ml phalloidin-FITC conjugates in PBS for 45 min at room temperature. To determine whether the cultured cells expressed receptors for growth factors, we used a monoclonal antibody against FGF receptor (1:200, Chemicon) and antisera against IGF-1 receptor ␤ (1:100, Santa Cruz Biotech, Tebu, France) and trkA (1:10,000, kindly provided by Dr. L. Reichardt at University of California, San Francisco, CA) as primary antibodies. FITC-conjugated secondary antibodies (1:200, Cappel) were used to reveal the staining patterns. For immunohistochemistry, P5 rat utricles were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 hr. The preparations were rinsed in PBS, cryoprotected in 30% sucrose solution, and embedded in OCT. Twenty-five micrometer sections were cut and collected on a cryostat machine. Then the sections were immunostained with a monoclonal antibody against FGF-2 (3 g/ ml; UBI, Lake Placid, NY) with a Vector ABC kit (Vector Laboratories) (see Gao et al., 1995) . Negative controls were performed by skipping the primary antibody step. The preparations were viewed with a Zeiss Axiophot microscope (Oberkochen, Germany).
Inhibition of cell proliferation by neutralizing antibodies against growth factors. Partially dissociated P4 -P5 rat utricular sheets were plated in poly-L-lysine (500 g/ml)-coated 96 well plate in 100 l of 1% FBSsupplemented medium. Anti-FGF-2 (20 g/ml, UBI), anti-IGF-1 (40 g/ml, UBI), anti-TGF-␣ (20 g/ml, R & D Systems), or anti-CNTF (20 g/ml, R & D Systems) neutralizing antibody was added to the culture at the time of plating.
3 H-Thymidine (1 Ci/well) was added for 24 hr at the 24th hr of culture, and cells were harvested as described above.
RESULTS

Cultured utricular epithelial cells express features of epithelial cells, but not those of fibroblast, glial, or neuronal cells
Modified from a previously reported method , utricular epithelial sheets ( Fig. 1 A) were separated, partially dissociated, and plated on a poly-D-lysine substrate ( patches in the serum-supplemented medium (Fig. 1C) . Immunocytochemical staining with different types of cell markers revealed that these cultured cells expressed epithelial cell antigens, including a tight junction protein (ZO1, Fig. 1 E) , F-actin ( Fig. 1 F) , and cytokeratin ( Fig. 1G ). They did not express antigens for other types of cells, such as glial filament protein (GFAP), the oligodendrocyte antigen (myelin), neurofilament protein, or fibroblast antigens, vimentin (Fig. 1C,D) and Thy1.1. These results are summarized in Table 1 and suggest that the cultured cells are pure epithelial cells. As revealed by phalloidin staining (Fig. 1 F) , few stereociliary bundle-bearing cells (hair cells) were seen, suggesting that majority of the hair cells were injured and that many of them might be dead after 2 d in culture under the present culture conditions. At present, we do not have specific markers for hair cells or supporting cells. Because the utricular epithelial sheets contained mainly supporting cells and hair cells, the vast majority of the surviving cells in the cultures represented a population of utricular supporting cells.
Several FGF family members, IGF-1, IGF-2, TGF-␣, and EGF, stimulate the proliferation of cultured utricular epithelial cells
To examine whether any of the presently known growth factors stimulate proliferation of the utricular supporting cells, we measured DNA synthesis by using tritiated thymidine incorporation assays. Under control culture conditions, a moderate level of thymidine uptake was detected. When several FGF family members, including FGF-2, FGF-4, FGF-6, and FGF-7, were added to the culture, a significant elevation in thymidine uptake was seen ( p Ͻ 0.05; Fig. 2 ). Among them, FGF-2 was the most potent mitogen. In contrast, FGF-1 and FGF-5 did not show a significant effect ( p Ͼ 0.05; Fig. 2 ). Inclusion of IGF-1 and IGF-2 in the cultures also significantly increased thymidine incorporation ( p Ͻ 0.05). As positive controls, we added TGF-␣ or EGF, two previously reported mitogens for the supporting cells (Lambert, 1994; Yamashita and Oesterle, 1995) , to the cultures. DNA synthesis was enhanced ϳ1.7-fold and 1.5-fold by TGF-␣ and EGF, respectively (Fig. 2) .
To determine whether the elevation in the thymidine uptake reflected an increase in number of dividing cells, we performed BrdU immunocytochemistry. As shown in Figure 3 , a much greater number of BrdU-positive cells were seen in the cultures containing FGF-2. Cell counts performed from the control cultures and cultures containing 100 ng/ml FGF-2 confirmed that FGF-2 significantly enhanced proliferation of the utricular supporting cells ( p Ͻ 0.01; Table 2 ). A significantly higher number of BrdU-positive cells also were seen in the cultures containing 100 ng/ml IGF-1 ( p Ͻ 0.05) or TGF-␣ ( p Ͻ 0.01), as compared with the control cultures ( Table 2) .
FGF-2 is a more potent mitogen than IGF-1 or TGF-␣
To compare the potency of FGF-2 to IGF-1 and TGF-␣, we performed a dose-dependent study in the utricular epithelial cell cultures at a range of 0.1-100 ng/ml (Fig. 4) . At a concentration of 0.1 ng/ml, none of the three growth factors showed a detectable effect ( p Ͼ 0.05). At a concentration of 1 ng/ml, FGF-2 displayed a significant mitogenic effect ( p Ͻ 0.01), whereas IGF-1 and TGF-␣ had no detectable effect. At higher doses (10 -100 ng/ml), all three growth factors showed significant mitogenic effects ( p Ͻ 0.05), as compared with the control cultures. However, FGF-2 was more potent than IGF-1 or TGF-␣ ( p Ͻ 0.01, Fig. 4 ). The higher potency of FGF-2 than for that of IGF-1 or TGF-␣ also was observed with BrdU immunocytochemistry (Table 2) .
To determine whether FGF-2 and IGF-1 or TGF-␣ act synergistically, we added FGF-2 to the cultures, together with either IGF-1 or TGF-␣. Both tritiated thymidine incorporation and BrdU immunocytochemistry confirmed that combinations of FGF-2 and IGF-1 or FGF-2 and TGF-␣ resulted in a significantly higher cell proliferation ( p Ͻ 0.05; Fig. 2 and Table 2 ).
Neurotrophins and other growth factors examined do not promote the proliferation of cultured utricular epithelial cells
In addition to the FGF family members, IGF-1, IGF-2, TGF-␣, and EGF, many other growth factors have been reported to influence cell proliferation and differentiation. These include neu- rotrophins, the TGF-␤ superfamily, glial cell mitogens such as heregulin and Gas-6, endothelial cell mitogens such as VEGF, and others listed in Table 3 . When examined in these cultures, none of the above-mentioned growth factors showed detectable mitogenic effects ( p Ͼ 0.05) on the utricular epithelial cells (Table  3) . In fact, TGF-␤1, TGF-␤2, TGF-␤3, and TGF-␤5 showed a 30 -67% inhibition of cell proliferation.
Cultured utricular epithelial cells express FGF receptor and IGF-1 receptor
To provide further evidence that FGF family members and IGF-1 act directly on these epithelial cells, we did immunostaining using antibodies against FGF receptor and IGF-1 receptor on both utricular sections and the cultured epithelial cells prepared from P4 -P5 rats. Although immunoreactivity was low in the sensory epithelium of the utricular sections (data not shown), many of the cultured utricular epithelial cells expressed high levels of the FGF receptor (Fig. 5A,B ) and the IGF-1 receptor (Fig. 5C,D) , presumably attributable to deprival of hair cells. In contrast, antiserum against TrkA, a high-affinity receptor for NGF, did not stain the cultured cells (Fig. 5E,F ) . These results suggest that the mitogenic effects of FGFs and IGF-1 are likely through activation of their highaffinity binding receptors on these cultured cells.
Utricular hair cells produce FGF-2 in vivo
To determine whether FGF-2 is physiologically present in the utricle, we performed immunohistochemistry with a monoclonal antibody recognizing FGF-2 on P5 rat utricular sections. As shown in Figure 6 , hair cells, but not supporting cells, in the utricular sensory epithelium expressed a moderate level of FGF-2. Such immunoreactivity was absent in the basement membrane and the underlying connective tissues. The FGF-2 antibody labeling was specific, because no staining was seen when the utricular sections were incubated with only the secondary antibody. The in vivo expression of FGF-2 by hair cells in the utricular sensory epithelium suggests that FGF-2 is a physiological growth factor. Figure 4 . Dose-dependent mitogenic effects of FGF-2, IGF-1, and TGF-␣. As described in Figure 2 , 3 H-thymidine incorporation assay was performed in the cultures containing FGF-2, IGF-1, and TGF-␣ at concentrations ranging from 0.1 to 100 ng/ml and in the control cultures. *p Ͻ 0.05 and **p Ͻ 0.01, as compared with the control cultures. Relative to IGF-1 and TGF-␣, FGF-2 was more potent at concentrations ranging from 1 to 100 ng/ml ( p Ͻ 0.01). 
Neutralizing antibodies against FGF-2 or IGF-1 significantly inhibited utricular epithelial cell proliferation
To discover whether utricular cell proliferation could be blocked or inhibited by removal of endogenous FGF-2 or IGF-1 in the culture, we added neutralizing antibodies to the cultures. Because these cells grew very poorly in serum-free medium, we plated them in reduced fetal bovine serum (1%)-supplemented medium. Under these conditions, the utricular epithelial cell proliferation was inhibited significantly by the presence of either anti-FGF-2 or anti-IGF-1 antibodies ( p Ͻ 0.01; Fig. 7 ). In contrast, neither anti-TGF-␣ antibody, nor anti-CNTF antibody that served as negative controls, showed any inhibitory effect. The inhibition by anti-FGF-2 or anti-IGF-1 antibodies was partial (ϳ25%), presumably attributable to possible existence of other mitogens such as other FGF members, EGF and IGF-2 (see above), in the culture medium. Nevertheless, these results provide further supporting evidence that there were endogenous FGF-2 and IGF-1 in the culture, which stimulated utricular epithelial cell proliferation. The inhibition of cell proliferation by anti-FGF-2 or anti-IGF-1 antibody was not attributable to a general toxicity, because anti-TGF-␣ and anti-CNTF antibodies did not influence cell proliferation, and the mitogenic activity of TGF-␣ was not affected in the presence of either anti-FGF-2 or anti-IGF-1 antibodies (Fig. 7) .
DISCUSSION
Pure utricular epithelial cultures as a model of developmental study
In the present experiments, intact utricular epithelial sheets separated by a combined enzymatic and mechanical method essentially contain only supporting cells and hair cells . The epithelial identity of the cultured cells is confirmed by using various specific cell markers. Although these cells express epithelial antigens, including the tight junction protein (ZO1), cytokeratin, and F-actin, they do not express fibroblast antigens, vimentin and Thy1.1, or glial and neuronal antigens. Most of the hair cells (stereociliary bundle-bearing cells) are injured, and many of them are dead after 2 d in culture, perhaps because of their sensitivity to enzymatic digestion and mechanical trituration. Therefore, these cultures essentially represent a population of utricular supporting cells that are believed to be the progenitors for hair cells (Corwin and Cotanche, 1988; Balak et al., 1990; Rapheal, 1992; Weisleder and Rubel, 1992) . These cultures may provide an in vitro system to study proliferation and differentiation of the inner ear supporting cells. The cultured inner ear epithelial cells seem to require cell-cell contacts with neighboring epithelial cells to survive and proliferate. Initially, we attempted to culture completely dissociated epithelial cells, but virtually all cells died. A requirement of cell-cell contact for the survival and proliferation of epithelial progenitors is not unprecedented and has been observed previously with brain germinal zone progenitor cells (Gao et al., 1991) and E9 rat neuroepithelial cells . The fact that proliferation of neuroepithelial cells occurs only within the highly compact CNS ventricular zone in vivo and in the progenitor reaggregates (Gao et al., 1991) or neurospheres (Reynolds and Weiss, 1992) in vitro suggests the existence of a membrane-bound factor for the growth of neuroepithelial cells. Consistent with this idea, membranebound components from a C6 glioma cell line have been shown to be necessary for the proliferation and survival of dissociated, single cortical progenitor cells (Davis and Temple, 1994) . In contrast to the organ culture , the partially dissociated epithelial cells grow poorly in serum-free medium, suggesting that, in addition to the membrane-bound molecules, soluble factors in the serum also promote the growth of these cells. In support of this notion, a monolayer of fibroblast cells seems to be sufficient to support the growth of completely dissociated chick cochlear epithelial cells .
It is noted that the utricular epithelium is composed of a central, sensory epithelium and a peripheral, marginal zone (Lambert, 1994) . Efforts have been made to collect only the sensory epithelium during dissections. In the initial experiments, however, a small portion of some of the transitional cells located at the border of the sensory epithelium and the marginal zone also might be included, because it is difficult to remove them completely from the small fragile epithelial sheets. Suspension of the partially dissociated epithelial sheets allows us to aliquot these cells evenly into the culture wells. The data we obtained should reflect mainly the proliferation of sensory epithelial cells, although a small portion of the transitional epithelial cells also may contribute to a small extent. Although the epithelial cells from the two domains could be derived from the same precursors (for example, the prosensory cells; see Kelley et al., 1993 ) during embryogenesis, they may play a different role during hair cell differentiation or regeneration. Presumably, the cells in the sensory epithelium are Utricular epithelial cells were prepared from P4 -P5 rats and plated in poly-D-lysinecoated 96-well plate in control medium or medium containing different growth factors (see Materials and Methods). 3 H-Thymidine (2 Ci/well) was added for 24 hr at 24 hr of culture, and cells were harvested using a Tomtec cell harvester. Cpm/well then were counted with a matrix 9600 gas counter, as described in Materials and Methods. Data were collected from five culture wells of each experimental group and are expressed as mean Ϯ SEM. Note that no factors listed in the table exhibited significant mitogenic effects ( p Ͼ 0.05), although inhibition of cell proliferation was induced by TGF-␤s ( p Ͻ 0.05).
more differentiated than those in the marginal area, because the central hair cells appear earlier during development than the peripheral hair cells in the utricular sensory epithelium (Sans and Chat, 1982) . Nevertheless, previous experiments (Lambert, 1994) have indicated that, on exposure to aminoglycosides or induction by TGF-␣, equivalent proliferation is observed in both sensory and marginal domains of the utricular epithelium.
In more recent experiments, we have been able to dissect out only the sensory epithelium completely free of the peripheral, nonsensory epithelial cells (although much fewer cells are obtained and plated in the culture wells). We have, essentially, obtained the same mitogenic effects of FGF-2, IGF-1, EGF, and TGF-␣ as in the initial experiments. The cpm of tritiated thymidine incorporation are as follows: control, 671 Ϯ 92; FGF-2 treated, 1787 Ϯ 221; IGF-1 treated, 1592 Ϯ 174; EGF treated, 1168 Ϯ 130; and TGF-␣ treated, 1483 Ϯ 109 (n ϭ 10/group). Moreover, in the present study, two previously reported mitogens show positive results, whereas many other growth factors exhibit no mitogenic effects. These internal positive and negative controls provide further support for the validity of our culture system. (C, D) , and against TrkA, a high-affinity binding receptor for NGF (E, F ). Note that, although many of the cultured cells express high levels of FGF receptor and IGF-1 receptor, no detectable TrkA receptor was observed. Scale bar, 100 m.
The pure epithelial cell culture, along with the tritiated thymidine assay, is a rapid and convenient method to evaluate possible effects of growth factors on proliferation of the inner ear epithelial progenitor cells. It allows us to examine a large panel of agents in a relatively short time, and the tritiated thymidine assays are supported by our BrdU immunocytochemistry. In the present experiments we have demonstrated that, among 30 growth factors, several FGF family members, IGF-1, IGF-2, TGF-␣, and EGF, are mitogenic factors for the proliferation of utricular supporting cells.
The present cultures also may prove to be a good system for directly studying hair cell differentiation as increasing efforts are made toward discovery or development of early hair cell markers (Holley and Nishida, 1995) . Understanding the mechanisms for progenitor cell proliferation and hair cell differentiation will be much easier and simpler in the pure utricular epithelial cell culture than in vivo or in the organ culture. For example, it may be possible to use specific inhibitors or activators in these cultures to further dissect the signal transduction pathways of a given growth factor involved in hair cell differentiation.
Mitogenic effects of FGF-2 and IGF-1 on the utricular supporting cells
Although our observations of the mitogenic effects of TGF-␣ and EGF are consistent with previous reports (Lambert, 1994; Yamashita and Oesterle, 1995) , the results of several FGF family members, IGF-1, IGF-2, and the combination of FGF-2 and TGF-␣ or IGF-1, are novel. These latter findings are in contrast to a study reported by Yamashita and Oesterle (1995) in the intact organ culture. The simplest interpretation for the discrepancy between these results is that the deprivation of hair cells in the present dissociated utricular epithelial cell cultures might trigger the upregulation of FGF and IGF-1 receptors and enhance the response to FGFs and IGF-1. In support of this explanation, a recent study by Lee and Cotanche (1996) has indicated that damaging chicken cochlear epithelium by noise results in an upregulation of mRNA for the FGF receptor in the supporting cells. Finley and Corwin (1995) reported that FGF-2 promotes the proliferation of chick cochlear supporting cells that were dissociated completely and plated on a monolayer of fibroblast cells. The presence of high levels of FGF receptor and IGF-1 receptor in the inner ear epithelial cells after deprivation of hair cells (Lee and Cotanche, 1996 ; this study) and the inhibition of cell proliferation by neutralizing antibodies against either FGF-2 or IGF-1 (this study) provide additional support for the idea that FGF-2 and IGF-1 act directly on the inner ear supporting cells and induce their proliferation after the removal of hair cells. Considered together, these experiments suggest that FGF-2 and IGF-1 may be candidate molecules regulating proliferation of the inner ear supporting cells, particularly during hair cell regeneration after challenge by aminoglycosides or noise.
Alternatively, there may be a developmental response change to growth factors, including FGF-2 and IGF-1, during maturation of the inner ear epithelium. It is possible that the mature inner ear epithelium responds differently relative to the developing epithelium. Exogenously added FGF-2 or IGF-1 might not elicit a proliferation in the intact, mature utricles (Yamashita and Oesterle, 1995) or in chick tissues that are treated with a very low concentration of aminoglycoside (1 nM; Oesterle et al., 1996) as they would in the immature utricles. On intensive damage by noise or drugs (massive degeneration of hair cells), the immature epithelium might be triggered to go back to an earlier developmental stage. Such injury-induced status shift has been noted for developing neurons (Gao and Macagno, 1988) . The present study is performed on postnatal rat inner ear cells that still are undergoing maturation, and thus the possible influence of FGF-2 and IGF-1 on hair cell regeneration after acoustic trauma or exposure to high doses of In each case, an identical volume of suspended cells was plated in 1% fetal bovine serum-supplemented medium in the presence or absence of anti-FGF-2, anti-IGF-1, anti-TGF-␣, or anti-CNTF antibodies or a combination of TGF-␣ (100 ng/ml) and anti-FGF-2 antibody or TGF-␣ (100 ng/ml) and anti-IGF-1 antibody. 3 H-Thymidine was added 24 hr after plating, and the incorporation was measured 24 hr later. Data collected from 10 culture wells are expressed as mean Ϯ SEM. Note that anti-FGF-2 and anti-IGF-1 antibodies, but not anti-TGF-␣ and anti-CNTF antibodies, exhibited a significant inhibition, and the mitogenic effect of TGF-␣ was not influenced by the presence of anti-FGF-2 antibody or anti-IGF-1 antibody. aminoglycosides in adult mammals will have to be addressed in future studies.
It is intriguing that, although several of the FGF family members are mitogenic, FGF-1 and FGF-5 elicit no detectable effects. Because there are at least four various subtypes of FGF receptors and different splicing forms of the receptors (Johnson and Williams, 1993 ), we do not know, at present, which of the subreceptors mediates the signal transduction pathway. It is particularly interesting to note the lack of an effect by FGF-1, which is present in spiral ganglion and proposed to be a trophic factor for hair cells (Pirvola et al., 1995) .
It has been reported previously that IGF-1 stimulates proliferative growth of otic vesicles at the early stages of ontogenesis (Leon et al., 1995) . Our study indicates that, in addition, IGF-1 may regulate the development of inner ear epithelium at a slightly later stage-the stage of supporting cell proliferation. Because IGF-1 has been shown to act at multiple stages during the development of neurons, including proliferation (Gao et al., 1991) , differentiation, and survival (Neff et al., 1993; Beck et al., 1995) , it should be interesting to determine whether it acts also at later stages of hair cell development or works coordinately with other growth factors. In this regard, a preliminary study by Gray et al. (1996) has shown that IGF-1 protects hair cells from aminoglycoside-induced apoptosis. Because IGF-1 receptor is expressed by the cultured utricular epithelial cells (Fig. 5) , it is likely that IGF-1 acts on IGF-1 receptor. However, a possibility of crossreaction of IGF-1 through insulin receptor cannot be ruled out, because insulin also elicits a mitogenic effect (data not shown).
Possible physiological role of FGF-2 in hair cell development, maintenance, or regeneration
The finding that utricular epithelial cells express FGF-2 and its receptor suggests that FGF-2 may be a physiological growth factor for the development, maintenance, and/or regeneration of hair cells. FGF-2 may exert its action via an autocrine mechanism. In this model, FGF-2 produced from hair cells may provide their own trophic support. Recent studies have suggested that cell differentiation and survival in the nervous system can be regulated by a growth factor-mediated autocrine interaction. For instance, colocalization of neurotrophins and their mRNAs is found in developing rat forebrain (Miranda et al., 1993) , and a BDNF autocrine loop regulates the survival of cultured dorsal root ganglion cells (Acheson et al., 1995) . In this regard, it is interesting to note recent work by Low et al. (1995) , which suggests that FGF-2 protects postnatal rat cochlear hair cells from aminoglycosideinduced injury. Alternatively, a paracrine action also might be postulated in which FGF-2 synthesized by hair cells could locally influence maintenance of neighboring hair cells and proliferation of supporting cells. In this case, degeneration of hair cells may lead to a burst release of FGF-2, which would, in turn, stimulate supporting cell proliferation in the inner ear epithelium. The latter hypothesis may explain the supporting cell proliferation after hair cell death attributable to acoustic trauma or exposure to aminoglycosides, because FGF-2 does not have a signal sequence and cell injury is a major way for its release. Our finding that anti-FGF-2 antibody, but not anti-TGF-␣ antibody, significantly inhibits cell proliferation (Fig. 7) supports this hypothesis to a certain extent. The partial, but not complete, blocking effect by anti-FGF-2 antibody could be attributable to possible existence of other mitogens in the culture, loss of FGF-2 (because of hair cell injury) during the dissociation process, and/or relief from contact inhibition within the epithelium after dissociation.
Neurotrophins and other growth factors
Neurotrophins, including NGF, BDNF, NT-3, and NT-4/5, are important molecules for the development of the nervous system. In particular, BDNF and NT-3 are reported to be survival factors for spiral and vestibular ganglion neurons in vivo (Ernfors et al., 1994 (Ernfors et al., , 1995 Farinas et al., 1994; Bianchi et al., 1995; Fritzsch et al., 1995) and in vitro (Lefebvre et al., 1994; Zheng et al., 1995a,b) . These molecules also protect the two types of neurons against ototoxins in culture (Zheng et al., 1995a,b) . They are not, however, critical for the survival of hair cells (Ernfors et al., 1995; Fritzsch et al., 1995) and do not protect hair cells against ototoxins (Zheng and Gao, 1996) . The present observations indicate that the neurotrophins do not affect the proliferation of the progenitor cells directly, but this does not rule out the possibility that they exert some effect on the later stages of hair cell differentiation. A certain degree of abnormality in the phenotype of type I utricular hair cells and the thickness of the utricular epithelium has been observed in mice lacking both the BDNF and NT-3 genes (Ernfors et al., 1995) or in those lacking both the trkB and trkC genes (Minichiello et al., 1995) . In addition, a stage-specific effect of neurotrophins has been illustrated in the development of cerebellar granule cells. There, specific neurotrophins act at a late stage of differentiation, but not at the stage of proliferation (Gao et al., 1995) .
Similar to neurotrophins, many other growth factors examined in the present experiments do not show significant mitogenic effects on utricular supporting cells. They could, however, still be involved in later phases of hair cell regeneration. For example, retinoic acid can induce formation of supernumerary hair cells in the developing cochlea without involvement of cell proliferation (Kelley et al., 1993) . On the other hand, early differentiating factors might inhibit the progenitor proliferation and push the progenitors to come out of the cell cycle and become postmitotic cells. Regarding this aspect, it is interesting to note, then, that TGF-␤1, TGF-␤2, TGF-␤3, and TGF-␤5 exhibit an inhibition on the proliferation of the inner ear epithelial cells. Whether such observation implies a possible involvement of TGF-␤s in the differentiation of hair cells remains to be determined.
The finding that FGF-2 and IGF-1 or TGF-␣ have additive mitogenic effects suggests that several growth factors may work in concert during the development of hair cells. For example, FGF-2 and TGF-␤1 have been shown synergistically to regulate chondrogenesis during otic capsule formation (Frenz et al., 1994) . There could be inhibitory signals coming from hair cells that would prevent supporting cell proliferation and induce new hair cell differentiation. It is quite possible that multiple growth factors may contribute together to the differentiation or regeneration of hair cells. They may work either in a sequential manner or at multiple steps. In support of this notion, a preliminary study by Kopke et al. (1996) suggests that a combination of TGF␣, IGF-1, and retinoic acid can facilitate the utricular hair cell repair or regeneration.
In summary, we have established a purified mammalian utricular epithelial cell culture, which allows us to rapidly examine possible effects of known and novel growth factors on supporting cell proliferation, an early phase during normal development and regeneration of new hair cells. Among the 30 growth factors we examined, FGF-2 is the most potent mitogen. The observation that the inner ear hair cells produced FGF-2 in vivo and utricular epithelial cells expressed FGF receptor in vitro suggests a physiological role of FGF-2 in hair cell development, maintenance, or regeneration. Once a specific hair cell marker, particularly an early hair cell marker labeling the entire cell body, is identified, this culture system may prove invaluable for directly studying hair cell differentiation or regeneration. A combined analysis of both aspects of the progenitor cell proliferation and differentiation would be critical to development of treatments to compensate for hair cell loss, a major cause for hearing and balance disorders.
